Hf-1b/Sp4, a member of the Sp1 family of transcription factors, is expressed restrictively in the developing nervous system and most abundantly in adult hippocampus in mice. Here, we report the generation of hypomorphic Sp4 allele mice, in which the Sp4 deficiency can be rescued by the expression of Cre recombinase. Vacuolization was detected in the hippocampal gray matter of the mutant Sp4-deficient mice. Expression analysis of Sp4 mutant hippocampi revealed an age-dependent decrease in neurotrophin-3 expression in the dentate granule cells. Hypomorphic Sp4 mutant mice displayed robust deficits in both sensorimotor gating and contextual memory. The restoration of Sp4 expression, via a Cre-dependent rescue strategy, completely rescued all the observed molecular, histological and behavioral abnormalities. Our studies thus reveal a novel Sp4 pathway that is essential for hippocampal integrity and modulates behavioral processes relevant to psychiatric disorders. Molecular Psychiatry (2005) 10, 393-406.
Sp1, the prototypal member of the Sp family of transcription factors, has been demonstrated to be essential for embryogenesis. 1 The reduction of its expression in heterozygous Sp1 mice causes a decreased expression of its downstream target gene, MeCP2, whose mutation is responsible for Rett syndrome, a human neurodevelopmental disorder. 2 Recently, Sp1 and other glutamine-rich transcription factors have been implicated in the pathogenesis of neurodegenerative diseases. 3, 4 Sp4, also known as HF-1b, is another member of the Sp1 family of transcription factors. Sp1 and Sp4 proteins have approximately 50% homology in primary structure, which consists of two glutamine-rich transcription activation domains and Cterminal three zinc-finger DNA binding domains. 5 Both proteins recognize the same DNA binding motif with similar affinity, and often functionally substitute for each other in vitro. 6 Previously, we found that HF-1b/ Sp4 null mutant mice suffer from cardiac arrhythmia and sudden death. 7 Although Sp4 has some role in heart development, it is expressed predominantly in the developing nervous system. 8, 9 As yet, the specific role of Sp4 in the nervous system remains to be determined.
In our endeavor to understand the function of HF-1b/Sp4 in the nervous system, we have undertaken a genetic rescue strategy to generate hypomorphic Sp4 alleles. Targeted transgenes were designed to enable the restoration of the expression of the Sp4 gene in the context of its endogenous locus in order to rescue any abnormal in vivo phenotypes. The generated hypomorphic Sp4 allele mice were grossly normal and displayed no increased lethality. Unexpectedly, the mutant mice displayed both vacuolization in the hippocampus and abnormal behavioral phenotypes, particularly with regard to contextual memory and sensorimotor gating deficits. Hence, these studies suggest a new molecular pathway involving the Sp4 gene that functions within the hippocampus to subserve particular behavioral phenotypes that are relevant to some human neuropsychiatric disorders.
Materials and methods
Generation and characterization of hypomorphic Sp4 (Sp4 neo À/À) mice A rat Sp4 cDNA fragment was used to screen a bacterial artificial chromosome (BAC) library (Research Genetics). In all, 10 positive BAC clones were identified and mapped by restriction digest analyses. An 11 kb BamHI fragment was cloned in pBluescript SK II. A BglII site and an XhoI site were created in the first intron and the second exon of the Sp4 gene, respectively. A splicing acceptor (from endogenous exon 3 of the mouse Sp4 gene) and two additional transcription terminators (SV40 pA) were incorporated into the 5 0 -and 3 0 -end of a nuclear LacZ expression cassette. 10 Two lox P sites were attached at both ends of the modified nLacZ, which then was inserted into the BglII site in the first intron of the Sp4 gene. A rat Sp4 cDNA coding region with the mouse Sp4 3 0 UTR was fused in frame into the XhoI site in the exon 2 of Sp4 gene. Two arms of 4 kb each from the 11 kb Sp4 gene fragment were used for the assembly of targeting constructs. 11 After electroporation into R1 ES cells, recombinant ES colonies were identified by Southern analysis with probe 1 amplified from Sp4 BAC DNA. Further confirmation of the correct targeting in the endogenous Sp4 locus was conducted with Southern analysis with probe 2 amplified from Sp4 BAC DNA. The resultant chimeric mice from ES cell microinjection were bred with Black Swiss (Charles River) for germline transmission. The F1 heterozygous mice obtained were thus in a mixed genetic background of Black Swiss and S129sv (Charles River). The F2 hypomorphic Sp4 homozygous mutants were generated by breeding F1 heterozygous mice. All breeding was conducted with heterozygous mice, and F3 mice were produced by breeding F2 heterozygous mice. All mouse genotyping was performed by PCR with primers: P1, 5 0 GGGTTTCAAACCACGTTTCGTGAG3 0 ; P2, 5 0 GCCC TTGGGAAAATAGACACCTTC3 0 ; and P3, 5 0 GCGCT TCTTCTTAGGAGGGATCTTGG3 0 . Semiquantitative RT-PCR was performed with One-Step RT-PCR kit (Invitrogen).
Histological and immunohistochemical analysis
For histological LacZ staining in the adult hippocampus, 20-mm-thick cryostat sections were made from fresh mouse brains frozen in cold 2-methylbutane bathed in liquid nitrogen. The subsequent fixation, permeabilization and staining were performed as described previously. 7 For pathological analysis of the Sp4 mutant hippocampus, 10 mm paraffin sections were used. All mouse brains were taken without perfusion and immediately fixed in 4% paraformaldehyde solution for at least 24 h. Subsequent dehydration and paraffin embedding were performed as described. 7 Hematoxylin-eosin staining was used for the detection of pathological abnormalities in mutant hippocampus. A modified Timm's staining was performed to detect hippocampal mossy fibers as described elsewhere. 12 Anti-Neu N and anti-GFAP monoclonal antibodies were purchased from Chemicon. Immunohistochemical analysis was conducted by using DAB peroxidase substrate kit (Vector Laboratories).
Electron microscopic analyses
Both wild-type and mutant adult mice were perfused transcardially with a solution containing 2% formaldehyde and 2% glutaraldehyde in cacodylate buffer. Hippocampal dentate gyrus (2 mm 3 ) was dissected and processed as described elsewhere. 13 RNA in situ hybridization and Western blot analysis RNA in situ experiments were performed using 35 S-labeled antisense neurotrophin-3 probe on 10 mm paraffin sections as described elsewhere. 7 Anti-human neurotrophin-3 antibody, crossreactive with mouse neurotrophin-3, was obtained from Promega. Anti-synaptophysin monoclonal antibody was purchased from Chemicon. Western blot analysis was conducted as described previously. 11 Sp4 gene reactivation Heterozygous Sp4 mice were bred with protamine-cre mice. Double heterozygous male mice for Sp4 and protamine-cre genes were bred with Sp4 heterozygous female siblings to generate single allele Sp4 gene activation in Sp4/À mice.
Behavioral analysis
The behavioral test battery was conducted as described previously. 14 In the behavioral test battery, gross physical assessment, sensorimotor reflexes, motor activity, nociception, acoustic startle and prepulse inhibition (PPI) of startle, and learning and memory were examined. The open field chamber was 45 Â 45 cm 2 , and the center area was defined as the center of gravity of the mouse being 6.35 cm away from the chamber walls. The ambient illumination in the chamber was 200 lx. In the present study, we added the passive avoidance test and an analysis of the stimulus-response function for the startle response. In addition, new equipment for running and analyzing the conditioned fear tests was employed (see below).
Startle stimulus-response function A separate startle-response session was conducted using procedures identical to those described previously, 14 except that startle stimulus-only trials were presented at dB levels ranging from 70 to 118 dB against a 70 dB baseline. The different startle stimuli were presented in a random order, with five presentations at each level. This procedure provided a measure of startle threshold and a gross indication of the hearing ability of each mouse.
Conditioned fear Four fear conditioning shock chambers (26 Â 22 Â 18 cm 2 high) made of clear Plexiglas were placed in a 2 Â 2 array (Med Associates Inc., East Fairfield, VT, USA). A video camera was connected to a video-based system for digital recording and subsequent analysis of freezing behavior (FreezeFrame, Actimetrics, St Evanston, IL, USA). The conditioned stimulus (CS) was an 85 dB 2800 Hz 20-s tone and the unconditioned stimulus (US) was a scrambled foot shock at 0.45 mA presented during the last 3 s of the CS. Mice were placed in the test chamber for 3 min before the CS and freezing behavior was recorded. Freezing thresholds were selected via the software and showed high correlation with human observers. Three CS/US pairings were given with 1 min spacing and freezing during the CS was recorded. After 24 h, each mouse was placed back into the shock chamber and freezing response was recorded for 3 min (context test). After 2 h, the chambers were modified to present a different environmental context (eg shape, odor, color changes) and the mouse was placed in this novel environment. Freezing behavior was recorded for 3 min before and during each of three CS presentations (cued conditioning). The time spent freezing was converted to a percent freezing value.
Passive avoidance A mouse passive avoidance chamber (35.5 Â 18 Â 30.5 cm 3 high) with a shock floor, photobeams and a central guillotine door was attached to a computer (Coulbourn Instruments, Allentown, PA, USA). The guillotine door separated the dark half of the chamber from the brightly lit half.
Mice were placed in the lit chamber for 10 s, and then the door was raised. When the mouse entered the dark chamber, the computer automatically recorded the latency, lowered the door and delivered a 0.65 mA foot shock for 2 s. After 24 h, the mouse was again placed in the brightly lit half of the chamber and the latency to enter the dark chamber was recorded.
Results
Generation of mice harboring hypomorphic Sp4 alleles A targeting vector was designed such that a nuclear LacZ expression cassette, flanked by two loxP sites, was inserted into the first intron of mouse Sp4 gene, and followed by a rat Sp4 cDNA gene fused in frame into the second exon of mouse Sp4 gene ( Figure 1a ). Upon integration by homologous recombination in ES cells (Figure 1b ), the expression of the rat Sp4 gene was blocked by the upstream LacZ gene tagged with three transcription terminators. Two mouse lines were then generated by gene targeting, and bred into the Black Swiss background. There was no lethality of homozygous mutant mice observed in the mixed S129/Black Swiss background, possibly due to some leaky expression by the read through of RNA polymerase in vivo. 15 To further quantify the level of Sp4 leaky expression, a semiquantitative RT-PCR was conducted and the resultant amplified DNA fragments were cloned for sequence analysis. The level of Sp4 expression in the brain of homozygous mutant was reduced to 2-5% of the level in wild-type mouse brains (Figure 1c ). There was no cryptic splicing or aberrant Sp4 mRNA detected, indicating that no aberrant protein was produced. The sequencing analysis revealed the expected splicing pattern between mouse Sp4 exon 1 and the rat Sp4 cDNA gene, excluding the possibility of carry-over contamination in RT-PCR from wild-type RNA samples. Therefore, authentic hypomorphic Sp4 alleles were generated.
Expression of the nLacZ gene was analyzed in heterozygous mice (Supplemental Figure 1) , and revealed the same pattern as the endogenous Sp4 expression revealed by RNA in situ hybridization. 8 Except for some expression in the apical ectodermal ridge, nLacZ expression appears to be restricted to the nervous system in the developing embryo, and is most abundant in the hippocampus CA1 and dentate gyrus of adult mice (Figure 1d ). The expression of the nLacZ gene was within hippocampal neuronal cell layers, but not outside the cell layers, suggesting that Sp4 expression is restricted primarily to the neurons. Consistent with neuronal restrictive Sp4 expression, no nLacZ expression was observed in glial cells, even in the overstained corpus callosum (Figure 1e ).
Hippocampal vacuolization
Although Sp4 is predominantly expressed in the developing nervous system, no major developmental abnormalities were found in the hypomorphic Sp4 mouse brain. The cerebellum and cerebral cortex are well organized with distinct layers (Supplemental Figure 2 ). Since the Sp4 gene is most abundantly expressed in the hippocampus, we conducted a systematic histological examination of hippocampi from mutant animals at different ages. At 2 months of age, massive vacuoles were found in the gray matter in the CA3 region of the mutant hippocampus, while few vacuoles were found in the same region of wildtype sex-matched siblings (Figure 2a and b). TUNEL staining was conducted to determine whether hippocampal cells are undergoing apoptotic cell death. No increase in apoptotic cells was found in the CA3 region of the 2-month-old mutant hippocampi (data not shown). A large number of vacuoles were also found in the infrapyramidal part of the hilus of dentate gyrus (HDG) and stratum oriens in the ventral hippocampi of 6-month-old mutant mice (Figure 2c  and d) . In contrast to the CA3 vacuoles, no obvious vacuolization was observed in either HDG or stratum oriens of mutant mice until 4 months of age (Figure 2e and f). In the analysis of six pairs of sex-matched siblings, all mutants displayed vacuolization in both HDG and stratum oriens of the hippocampus, and no vacuoles were detected in the hippocampus of wildtype mice. The vacuolization in dentate gyrus was observed in mice up to 14 months (the latest stage assessed), and thus appears stable. In contrast, the vacuolization in CA3, where Sp4 was not highly expressed, was not sustained well in the mutant mice beyond 6 months of age. After breeding more than 100 hypomorphic Sp4 mice, we did not observe any increased incidence of epilepsy. Furthermore, the mutant mice also do not display increased susceptibility to epilepsy induced by kainic acid (data not shown). Therefore, we do not consider the observed hippocampal abnormalities in the Sp4 mutant mice as either the consequence of or a vulnerability to epilepsy.
To further examine the integrity of the hippocampus in the mutant Sp4 mice, we conducted Timm's staining for hippocampal mossy fibers. No differences were found between wild-type and mutant animals ( Figure 3a and b). However, astrogliosis, as indicated by anti-GFAP staining, was observed in the Sp4 mutant dentate gyrus, but not in CA1 and CA3 subregions (Figure 3c and d) . Nevertheless, there is no obvious loss of principal neurons revealed by anti-Neu N staining in dentate gyrus (Figure 3e and f), even in aged mutant mice (2 years old). Ultrastructural analysis of the Sp4 mutant dentate gyrus revealed dilation of endoplasmic reticulum (Figure 4a and b) and thickening of microtubuli in dendrites (Figure 4c and d). Taken together, the observed astrogliosis may indicate some kind of neuronal injury or toxicity; however, these insults seem not severe enough to cause massive neuronal death.
Although the Sp4 null mutant mice suffered from cardiac arrhythmia and cardiac sudden death (about 40% lethality), 7 extensive ECG analysis on eight pairs of hypomorphic Sp4 mutant mice demonstrated normal heart rates without bradycardia, suggesting that the hypomorphic Sp4 mice did not suffer an ischemic event (data not shown). Moreover, CA1, the hippocampal subregion most sensitive to ischemia, appeared normal in hypomorphic Sp4 mutant mice. Therefore, the abnormalities in mutant hippocampus likely originated from the intrinsic effects of decreased expression of the Sp4 gene in hippocampal neurons.
Age-dependent downregulation of neurotrophin-3 in dentate granule cells To further understand the molecular mechanism underlying the hippocampal abnormalities in hypomorphic Sp4 mice, an RNA microarray analysis was conducted in both wild-type and mutant hippocampi. The expression of hundreds of different genes was reduced in the mutant hippocampus, and need to be further confirmed by RNA in situ hybridization experiments (data not shown). Among them, the expression of the neurotrophin-3 gene was decreased four-fold in the adult mutant hippocampus by microarray analysis. The expression of neurotrophin-3 has been demonstrated to be restricted to CA2 and dentate granule cells of the hippocampus in adult mice. Neurotrophin-3 and the TrkC signaling pathway were reported to be essential for the integrity of the hippocampus, particularly the dentate gyrus. Therefore, we selected to study neurotrophin-3 expression as the first step toward our understanding of the molecular mechanisms responsible for hippocampal abnormalities in Sp4 mutant mice. The reduced expression of neurotrophin-3 gene was confirmed in the hippocampal dentate gyrus by RNA in situ hybridization experiments. To determine whether the reduction of neurotrophin-3 expression is associated with the pathological vacuoles formed in the HDG and stratum oriens, RNA in situ hybridization experiments were conducted at different postnatal stages. The expression of neurotrophin-3 gene in dentate granule cells did not differ between 2-month-old wild-type and mutant sibling mice (Figure 5a and c). However, the expression of the neurotrophin-3 gene was decreased in dentate granule cells in 4-month-old mutant mice in comparison with wildtype siblings (Figure 5e and g) . In 6-month-old mice, no detectable expression of neurotrophin-3 was found in dentate granule cells in mutant siblings (Figure 5i and k). Western blot analysis demonstrated two-to three-fold reduction of neurotrophin-3 proteins in the dentate gyrus of the adult mutant hippocampal dentate gyrus in comparison with the level in wildtype mice, while a comparable level of synaptophysin was detected on the same immunoblot (Figure 5m ).
Abnormal behavioral phenotypes
To examine the functional consequences of the hippocampal abnormalities, two separate cohorts of Figure 2 Histological analysis of hippocampi in hypomorphic Sp4 (Sp4 neo À/À) adult mice. Sagittal sections of both wildtype (a) and Sp4 neo À/À (b) mice (2 months old) hippocampi stained by hematoxylin-eosin staining. Hematoxylin-eosinstained dentate gyrus of both wild-type (c) and hypomorphic Sp4 neo À/À (d) mice (6 month old). Age-dependent spongy formation in dentate gyrus from 6-month old Sp4 neo À/Àmice (f) instead of 2-month-old Sp4 neo À/À mice (e). Scale bars are 100 mm in (a and b) and 20 mm in (c-f).
mixed-sex control and mutant mice were assessed in a behavioral test battery. The first cohort of mice consisted of 12 control and 14 hypomorphic Sp4 mice from the F2 generation at 8 months of age. This group was assessed in a behavioral test battery modified from that used by Corbo et al. 14 As the use of multiple assays in a test battery increases the probability of a type I statistical error, a second cohort of control (n ¼ 8; 3-7 months) and hypomorphic Sp4 mice (n ¼ 8; 3-7 months) were assessed in only those tasks that showed significant differences in the first analysis.
Analysis of first cohort Hypomorphic Sp4 (Sp4 neo À/À) mice were normal with regard to most measures of gross physical assessment (eg general appearance, gross neurological function, sensorimotor reflexes and postural reflexes), nociception (eg hot plate and tail flick) and acoustic startle (data not shown). Other assays where hypomorphic Sp4 mice did not differ from controls include the rotorod (control, 31 s76; Sp4 neo À/À, 20 s75), initiation of movement (control, 8 s72; Sp4 neo À/À, 10s73), grip strength (control, 7437116; Sp4 neo À/À, 8457105) and the pole test (control, 871; Sp4 neo À/À, 971).
Hypomorphic Sp4 mice were impaired in the cage top (T [27] ¼ 3.6, Po0.001) and wire hang (T [27] ¼ 5.6, Po0.001) tests. In the open field chambers, although the total distance traversed did not differ (control, 31597246; Sp4 neo À/À, 27737409) (Figure 6a ), the hypomorphic Sp4 mice exhibited less motor activity as measured by horizontal photobeam interruptions (Figure 6b) , and reared less than controls (T [27] ¼ 4.4, Po0.001) (Figure 6c ). In addition, the hypomorphic Figure 3 Astrogliosis in the hypomorphic Sp4 mutant dentate gyrus. Mossy fiber innervating CA3 pyramidal cells was revealed by Timm's staining in wild-type (a) and Sp4 mutant (b) hippocampi. Astrogliosis revealed by anti-GFAP immunostaining in wild-type control (c) and the hypomorphic Sp4 (d) dentate gyrus. Neuron-specific immunostaining by anti-Neu N in control (e) and hypomorphic Sp4 dentate gyrus (f). Scale bars are 100 mm in (a and b) and 25 mm in (c-f).
Sp4 mice traveled less distance in the center of the arena (T [27] ¼ 3.1, Po0.004) (Figure 6d ), and the distance traveled in the center area as a function of total distance traveled was also reduced in the hypomorphic Sp4 mice (T [27] ¼ 3.6, Po0.001) ( Figure  6e ), suggesting an increased anxiety and/or reduced exploratory response to the novel environment.
In providing a cognitive representation of the environment, the hippocampus is crucial for the formation of contextual memory. Both wild-type and mutant mice exhibited less than 1% basal freezing time in the fear conditioning chambers. Hypomorphic Sp4 mice had impaired memory as evidenced by decreased freezing in both the contextual (T [27] ¼ 3.3, Po0.002) ( Figure 6f ) and cued (T [27] ¼ 2.02, P ¼ 0.0538) ( Figure 6g ) fear conditioning tests. In addition, they exhibited a shorter latency to enter the chamber that had been paired with a foot shock 24 h previously (T [24] ¼ 2.3, Po0.02) (Figure 6h ) in the passive avoidance task. Hypomorphic Sp4 mice also seemed to be impaired in the water maze, but since both the hypomorphic Sp4 and control mice tended to float, engaged in thigmotaxis, and had difficulty swimming to the visible platform, no definitive conclusion could be drawn from these results.
For the PPI task (a measure of sensorimotor gating), a two-way ANOVA revealed significant main effects of the group (F [1, 20] ¼ 11.5, Po0.002) and prepulse intensity (F [4, 80] ¼ 50.4, Po0.0001), as well as a significant group Â prepulse intensity interaction (F [1, 20] ¼ 2.4, Po0.05). Post hoc tests based on this interaction revealed that hypomorphic Sp4 mice showed less inhibition of the startle response at each of the five prepulse intensities (Figure 6j ). It is important to note that hypomorphic Sp4 mice did not differ from controls in their response to the intense startling stimuli nor did they differ in the threshold for exhibiting acoustic startle (Figure 6i ). These results make it unlikely that hypomorphic Sp4 mice had impaired hearing. Thus, the PPI deficits displayed by the mutant mice are consistent with impairments in sensorimotor gating. 16 Analysis of second cohort To reduce the number of statistical comparisons (thus reducing the probability of a type I error) and to provide confirmation of the results seen in the first cohort, a second cohort of hypomorphic Sp4 mice from the F3 generation were tested in a selected subset of the battery. The assays run were: open field; passive avoidance; fear conditioning; PPI and acoustic startle. The results are presented in Table 1 . As in the first cohort, the hypomorphic Sp4 mice did not differ from controls in the total distance traveled but did travel less distance in the center of the area (T [14] ¼ 2.6, Po0.01). The distance traveled in the center area as a function of total distance traveled was also less in the hypomorphic Sp4 mice (T [14] ¼ 2.4, Po0.05). In addition, the hypomorphic Sp4 mice reared less than controls (T [14] ¼ 2.8, Po0.05). The impairment in sensorimotor gating was also replicated. For the PPI task, ANOVA revealed significant main effects of the group (F [1, 10] ¼ 7.4, Po0.05) and prepulse intensity (F [4, 40] ¼ 47, Po0.0001), but no significant group Â prepulse intensity interaction. Tests of significant main effects revealed that the hypomorphic Sp4 mice showed less inhibition of the startle response at each of the five prepulse intensities (Po0.05 for each comparison). No difference between mutant and control mice was found in either their response to the startle stimulus or their threshold for startle elicitation (data not shown). In addition, the memory impairments observed in the first cohort of the hypomorphic Sp4 mice were also replicated in the second cohort. Hypomorphic Sp4 mice had impaired memory in the passive avoidance task as evidenced by their shorter latency to enter the chamber previously paired with a foot shock (T [14] ¼ 3.3, Po0.005) and decreased freezing in both the contextual (T [14] ¼ 3.9, Po0.001) and cued (T [14] ¼ 3.7, Po0.001) fear conditioning tests. The water maze was not conducted on this cohort of mice. In summary, the results from the second cohort replicated the pattern of deficits from the first cohort. The only discrepancy was a significant difference in cued fear condition tests in the second cohort, compared to a marginal (Po0.06) difference in the first cohort.
In vivo Cre-mediated rescue of the hypomorphic Sp4 alleles Genetic manipulation might introduce other mutations to the target locus, for example, the disruption of regulatory elements of other nearby genes. To confirm whether abnormal behaviors in Sp4 mutant mice result from the reduced expression of the Sp4 gene itself, a third group of mice was assessed in which a rescue strategy was used to restore Sp4 gene expression (control, n ¼ 8; Sp4/À, n ¼ 10). Sp4 heterozygous mice were bred with protamine-cre mice (in Black Swiss background) to excise the nLacZ gene in the germline (Figure 7a ). The resultant Sp4 recombined allele (Fo) is then a functional Sp4 gene producing a mouse/rat chimeric mRNA (Figure 7b ). Histological examination of 8-month-old rescued mice (Fo/Fo) revealed no vacuolization in the hilus of the dentate gyrus or stratum oriens (Figure 7c and d) . The expression of neurotrophin-3 did not differ between wild-type and rescued mice even at 8 months of age (Figure 7e and f) . To examine the behavioral consequences of Sp4 gene reactivation, control and rescue mice were assessed in the tasks found to be impaired in the two separate cohorts of the hypomorphic Sp4 mice. There were no statistically significant differences between the control and Sp4 rescue mice in any of the tasks (Figure 8a-j) . It should be noted that the locomotor activity levels in this open field study were higher for both control and rescue mice than those for previous cohorts. We presume that this difference derives from the differences in their genetic backgrounds due to the additional breeding with protamine-cre mouse line to restore Sp4 expression. Taken together, this finding suggests that the deficient expression of Sp4 gene was indeed responsible for all of the observed in vivo molecular, cellular and behavioral phenotypes found in the Sp4 hypomorphic allele mice.
Discussion
The present findings demonstrate that a substantial reduction in expression of the Sp4 gene in mice leads to vacuolization in hippocampal gray matter in the absence of principal neuron loss. An age-dependent reduction of neurotrophin-3 expression in the dentate granule cells was noted in Sp4 mutants. In hypomorphic Sp4 mutant mice, the hippocampal abnormalities were accompanied by robust deficits in both sensorimotor gating and contextual memory. The restoration of Sp4 expression, via a Cre-dependent rescue strategy, completely rescued all the observed molecular, histological and behavioral abnormalities. The insertion of an expression cassette (such as the neomycin gene) into an intron of a target gene has been demonstrated to cause a reduction of the expression of the disrupted target gene. 15 Here, we inserted the nLacZ expression cassette in the first intron of the mouse Sp4 gene to generate the hypomorphic Sp4 mice. In addition, the nLacZ was used as a reporter gene for the Sp4 expression studies. The rat Sp4 gene was also inserted for future conditional rescue studies. By using this construct design, the downstream rat Sp4 rescue gene could be easily replaced by the Sp1 gene or their chimerical genes to study the functional differences and molecular mechanisms for this family of transcription factors.
In adult mice, Sp4 expression is restricted to neurons, not glial cells, in the hippocampus. Despite abundant Sp4 expression in the pyramidal neurons in CA1 region, no abnormalities were found in the CA1 region of mutant mice at either the histological or molecular levels (data not shown). On the other hand, there is a much lower expression of the Sp4 gene in the pyramidal neurons in the CA3 region, and the vacuolization observed in the mutant CA3 is also unsustainable, suggesting that the phenotype may not result from cell autonomous function of the Sp4 gene. However, Timm's staining revealed normal innervation of CA3 by the mossy fibers of the dentate granule , vertical activity (rearing) (c) and center distance (d) was recorded. The center distance divided by the total distance (e) is an indicator of anxiety-related behavior. Contextual (f) and cued (g) fear conditioning experiments as well as passive avoidance tests (h) were conducted to assess memory functions. Acoustic startle (i) and PPI (j) of the acoustic startle response were measured using the SR-Lab System (San Diego Instruments, San Diego, CA, USA). For PPI experiments, a two-way ANOVA analysis was used. Other statistical analyses were performed by two-tailed t-tests. White and black bars represent wild-type and rescue mice, respectively. cells in the Sp4 mutant mice. Therefore, it remains to be determined whether the mutant dentate gyrus plays any role in the pathological process. In general, vacuolization in CA3 was found predominantly in the gray matter instead of neuronal soma in the hippocampus, which resembled vacuolization in mahoganoid and Attractin mutant mice. 17 However, no loss of pyramidal neurons was detected in CA3. The most prominent hippocampal abnormality in the Sp4 mutant mice is an age-dependent vacuolization in the HDG and stratum oriens, where the Sp4 gene was abundantly expressed in dentate granule cells. Milder but robust vacuolization in the gray matter of HDG did not deteriorate further even in aged Sp4 mutant mice without obvious loss of hippocampal principal neurons. However, a restricted astrogliosis was observed in the Sp4 mutant dentate gyrus, but not in CA1 or CA3. Astrogliosis is an indicator for neuronal injury or toxicity, but not necessarily associated with neuronal cell death. 18 Therefore, the gliosis we have observed in Sp4 mutant mice may result from astrocytic or neuronal abnormalities, but in either case is likely to reflect subtle changes in cells, rather than cell death. Considering that Sp4 is specifically expressed in neurons, and not in glial cells, it is likely that the astrogliosis is a secondary effect generated by the malfunction of the hippocampal neurons. However, subtle degeneration with minor loss of neurons in the dentate gyrus cannot be ruled out. Consistent with the malfunction hypothesis, ultrastructural analysis of the Sp4 mutant dentate gyrus revealed the dilation of endoplasmic reticulum and thickening of microtubuli in the apical dendrites.
The neurotrophin-3 signaling pathway is critical for the integrity of the hippocampal dentate gyrus in adult mice. 19 Its cognate receptor, TrkC, is expressed most prominently in hippocampal dentate granule cells. 20 Haploinsufficiency in the TrkC gene causes structural alterations specifically in the dentate gyrus, but not in CA1 or CA3 subregions. Structural abnormalities in the TrkC heterozygous mice, such as the degeneration and loss of neurons in the dentate gyrus, appear age dependent, suggesting that chronic subthreshold neurotrophin-3 and TrkC signaling are responsible for the degeneration. 21 However, conditional knockouts of the neurotrophin-3 gene controlled by two different neuron-specific Cre genes generated different phenotypic results. 22 No hippocampal degeneration was reported in either case. Therefore, the role for neurotrophin-3 signaling remains to be determined in the hippocampus. Besides neurotrophin-3, there were many other genes whose expression might be reduced in the Sp4 mutant hippocampus. The observed hippocampal vacuolization likely comes from the interactions of multiple genes regulated either directly or indirectly by the Sp4 transcription factor.
Consistent with hippocampal abnormalities, hypomorphic Sp4 mice displayed impaired memory in both the fear conditioning and passive avoidance tests. Hypomorphic Sp4 mice also had a reduced level of horizontal activity in the open field. It is important to note that the hypomorphic Sp4 mice were hypoactive, which could affect their performance by leading to an increase in freezing in the fear conditioning tests, and a longer latency in the passive avoidance test. In contrast, however, the hypomorphic Sp4 mice displayed significantly less freezing than wild-type mice in the fear conditioning tests and a shorter latency in the passive avoidance test, suggesting that the observed hypoactivity cannot explain the apparent memory impairment in hypomorphic Sp4 mice. Furthermore, the hypomorphic Sp4 mice displayed a robust sensorimotor gating deficit without any detectable difference in either startle response magnitudes or thresholds. The behavioral tests of mice from our second cohort replicated our findings from the first cohort that the hypomorphic Sp4 mice displayed deficits in both sensorimotor gating and memory. It would be informative if we could conduct behavioral tests before the appearance of hippocampal abnormalities to determine whether the behavioral deficits preceded or resulted from the hippocampal dysfunction.
It should be noted, however, that there may also be some hippocampus-independent behavioral abnormalities in these mutant mice, especially deficits in the amygdala-dependent cued-fear task in cohort 2. Although there is some ambiguity regarding the amygdala-dependent function in cohort 1 because only a trend difference was found on the cued fear conditioning task, the potential contribution of amygdala dysfunction to PPI deficits also cannot be excluded. Therefore, in order to definitively confirm the functional roles of the Sp4 gene in the dentate gyrus, hippocampal cell-specific cre mice will be essential to restore Sp4 expression specifically within dentate granule cells, followed by a rigorous analysis of the key behavioral phenotypes, such as sensorimotor gating and memory.
PPI, a measure of sensorimotor gating, is reduced in schizophrenia and other neuropsychiatric disorders. [23] [24] [25] The hippocampus has been demonstrated to be critically involved in the modulation of sensorimotor gating. 25 In the rat, animals harboring a lesion of the ventral hippocampus display a number of abnormal behavioral phenotypes similar to schizophrenia-related disorders, including deficits in sensorimotor gating and memory, and increased stereotyped behavior. 26, 27 In addition, rats reared in isolation instead of groups develop impaired PPI in adulthood. 28 A significant reduction of synapses has been found in the dentate gyrus of isolation-reared rats. 29 In humans, hippocampal abnormalities have been identified as important susceptibility factors for schizophrenia. [30] [31] [32] [33] [34] Recently, extensive studies have been focusing on information-processing deficits, as manifested by sensorimotor gating, in schizophrenia and other neuropsychiatric disorders. Nevertheless, how hippocampal abnormalities contribute to information-processing deficits remains to be explicated. Therefore, hypomorphic Sp4 mice could provide a valuable genetic model to investigate the contribution of molecular mechanisms within hippocampal circuits to the modulation of sensorimotor gating, particularly by restoring Sp4 expression specifically within dentate granule cells.
